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SN'r KODUCT ION

The stresses acting on a buried structure due to the effects of a weapon

blast depend on the type, size, and orientation of the weapon, the distance

between the weapon and structure, and the stress-propagation behavior of the

surrounding soil. For a given weapon loading, the response of the structure

depends on the stresses in the surrounding soil, while the stresses in the

soil deperid on the structural response. This coupling of eftects is termed

soil-structure interaction. Depending on the mass and stiffness of the

structure and the behavior of the surrounding soil, the stresses acting on the

structure may be greater than or less than the free-field stresses -stresses

that would exist if the structure wre not present).

Current Air Force design procedures (References 1-3) recognize the

existence of soil-structure interaction effects, but a rational method of

includi:ig these effects in the analysis procedure has not been implemented.

For a complete soil-structure interaction analysis, the soil and structure

should be analyzed as a system with appropriate material constitutive models.

Unlike the dynamic loads from machines, earthquakes or water waves, blast

loads may result in stresses of large magnitude with short rise times and

duration. As the stress wave propagates through the soil, the stresses are

attenuated and the rise time of the stress history increases (or the loading

rate decreases). Since the propagatiun and attenuation of the stress wave

depends on the inelastic stress-strain behavior of the surrounding soil, and

the response of soil may depend on the rate at which the load is applied, the

wave propagation and loading rate effects are closely linked. Thus, for an

accurate numerical analysis of the soil-structure system, the constitutive

characterization of the soil is of utmost importance.

The objective of this research is to investigate the wave-propagation and

co,,stitutive behavior of geologic media subjected to blast-induced stresses

from conventional weapons. This study is to consist of the following three

tasks:

I



1. Review previous experimental investigations of wave propagation

through geologic media. This study should address the effect ot the inelastic

stress-strain response on the stress propagation behavior.

2. Review existing constitutive models that may describe nonlinear,

inelast ic, rate-dependent behavior. Of significant importance in the choice

and implementation ot a model is the ability to determine numerical values for

the 'nclel parameters trom laboratory tests.

3. Provide recommendations regarding the implementation of constitutive

models with loading rate effects into numerical codes available to the Air

Force. These recommendations should include applications of numerical

techniques to problems of interest to Air Force research and analysis

personnel. Suggestions with respect to additional laboratory testing programs

and additional instrumentation in currently scheduled field tests will be

oftered.

The resulting "state-of-the-art" report should give Air Force personnel a

better understanding of the wave propagation of blast-induced stresses and how

Loading rate effects may be included in analysis procedures. These analytical

methods may be useful when performing survivability/vulnerability analyses

and in providing geotechnical guidance for the siting of buried and partially

buried structures. In addition, a numerical analysis prior to the

tield-testing of structures may be helptul in optimizing the test with respect

to instrumentation and weapon placement.

2
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PRLVIUUS WAVE PKOPAGATION RESEARCH

The determination of the tree-tiela stresses acting against a buried

structure is essent ially a problem of wave propagation through the surrounding

soil. The sudden release of energy by a detonated weapon results in a stress

wave that propagates through the soil in a spherical wave front. The stress

. wave is geometrically or spatially attenuated as it travels trom the source

since tlh detonation energy is being distributed over an increasing volume of

material. In addition to the spatial attenuation, the stress wave is

attenuated by the dissipative properties of the soil. This attenuation effect

is a material property which is included in the constitutive model and should

not be contused with the spatial attenuation. The spatial attenuation will. not

be considered turther as it is included automatically in the analysis

procedure.

Most of the early wave propagation and dynamic stress-strain testing was

conducted to determine the effects trom nuclear air-blast loading, but the

loadings due to conventional weapons are similar in many respects. As

described by Wilson and Sibley, (Reference 4) the classical air-blast wave

from a nuclear weapon results in a loading history at a given point in the

soil that rises sharply and is totiowed by an exponential decay in the positve

phase of the pressure. This positive phase is followed by a negative phase

rrequently ignored in analysis procedures. Since the radial extent of the

Loaded area is large with respect to the thickness of the soil layer, the soil

is laterally constrained and the resulting deformation is essentially

one-dimensioual. The assumption of one-dimensional loading may not be

appropriate tor the analysis of conventional weapon effects against buried

structures because of the spherical wave front that is generated. Also, the

stress-ttne history of a nuclear weapon has a slightly longer rise time and

lasts longer than loadings usually associated with conventional weapons. In

spite (,t thest, ditterences, many si ilarities exist and an understanding of

one-dimensiotial wave propagation is instructive and may be an appropriate

assumlpt ion lor some loadings and geonetrics.

[6:



The shape of tie sLress-stra in rtulaitonshi p has been recognized as the m .u

inportanlt factor at tecting the wave propagation response of soils (Reterence

4-7). As indicated in Figure I(a), in an iit inite column of an elastic,

homogeneous, material, a one-dimensional stress wave propagates with a

velocity proportionai to tLie elastic modulus, Re, with little attenuation or

change i slilpe. In one-dimensional compression, many soils exhibit the

f.miliar "s-shaped" response, Figure (b). Since the unloading modulus, Nu,

is Larger than, the loading modulus, N1 , the unloading wave propagates more

rapidly, interacting with the loading wave and resulting in an attenuation

with distance trom the source. As indicated in Figure 1(b), the form of the

stress pulse changes shape as it propagates through the soil, resulting in an

increase in the rise time, a decrease in the peak stress, and an increase in

the tot,,l duration ot the . at low stress levels, the relatively

* large value of initial modulus, Mi, Figure 2, results in a stress wave

propagation at about the seismic velocity, while at higher stress levels, the

smaller value of ML, results in a propagation velocity less than the seismic

velocity. This explains the high velocities obtained from seismic surveys in

which rIal.ively low stress levels are applied and indicates the importance of

testing ac appropriate stress levels.

A review ot wave propagation can be considered to include two related

areas ot study. First, experimental studies ot the propagation and attenuation

of strcss waves through soils will be reviewed. In these tests a

one-dimensional compression wave is applied to one end o a long soil specimen

and the stress and/or velocity recorded as the wave propagates along the

sh*wciniln. Since tl wave propagation depends on the stress-strain behavior

ot the soil in which tLhe wave is propagating, the second review area will

consist 1 etl orts to measure the dynamic stress-strain response directly. To

meastre this responste a shock wave is applied to a short specimen. The shock

wave will travel titrough the specimien and be retlected several times during

tie dItraton o the pulse, res"ilting in essentially a uniform stress state.

* 4
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'Flie propagati on of a shock waves throtigh cyl Indrical .specimens of soil

has been reported by several investigators (Reterence 5-10). The common features

in these tests are the radial confinement of the specimen and the application

ot a stress pulse which propagates one-dimensionally along the specimen. The

radial confinement is provided by rigid rings or spiral reinforcing in a rubber

membrane such that the longitudinal transmission of the stress wave is not

significantly impeded. The stress and displacements are measured at various

locations along the specimen by embedded stress and/or strain gauges. While

questions may arise as to the accuracy of stress-strain measurements taken in

this manner, the overall wave propagation and attenuation response can be

effectively observed as functions of soil type and input wave form. The

"s-shaped" stress strain response has been recorded in shock tests on sand

specimens confined by spiral windings (Reference 7). It was concluded that the

formation of a steady shock wave in sand is influenced by the characteristics

of the stress-strain curve, and that the attenuation dependson the material

properties and boundary conditions.

Measurements of the pore air pressure in samples of sand, silt and pea

gravel (Reference 8) indicate that pore air pressure is affected by the peak

overpressure, shape of the shock wave, permeability of the material, and depth

of penetration. Significant pore pressures can develop in coarse-grained

uniform soils, but are of little consequence in well-graded soils. The

attenuation rate is independent of the overpressure and depends on the pore

size, depth of penetration and positive shock duration.

Shock wave tests on Ottawa sand confined in segmental rings (Reference 9)

indicate materials that exhibit strain-softening display an increase in

the rise time and decrease in the magnitude of the stress and particle

velocity pulse. Strain hardening materials tend to "shock-up" or show a

decrease in the rise time as the wave propagates through the soil.

Samples of Ottawa sand and Kaolin clay (Reference 10) have been subjected

to shock waves and the stress-strain curves for the sand found to be of the

tamiLar "s-shape," while those of the clay were essentially linear during the

loading phase. As might be expected, the attenuation rate in the clay was

round to be greater than that ot the sand, due to the greater hysteresis loss

.anid lower wave velocity.

7
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Shock wave studies have been performed on soil samples without rigid lateral

confinement in which contining stresses up to 15 psi were applied by vacuum.

Triaxial specimens of Ottawa sand (Reference 11) and clay (Reference 12) 2.8

inches in diameter by 64 inches long were subjected to air shock waves. The

results indicate that the stress wave in sand undergoes the least amount of

change in shape for high densities, high confining pressures, and small

amplitudes of shock pressure with long duration. Because these conditions

approximate the conditions under which an elastic wave would exist, not much

change is expected. With an increase in the peak shock and decrease in

duration, the attenuation was found to increase, with corresponding increases

in peak shock and duration.

A good review of wave propagation studies is presented by Hampton et al.

(Reference 13). A series of tests on laterally confined specimens of Kaolin

is described in which rise time of the load was reported as "instantaneous" or

about I msec. Measurements from embedded stress and strain gauges indicated

"softening" behavior or stress-strain curves that were concave downward

towards the strain axis. This is a departure from the "hardening" behavior or

s-shaped" response typical ot uniaxial strain. These results were discussed

with respect to uniaxial strain tests conducted with the WES device (Reference

14) and the diftererces were attributed to a difference in boundary

conditions, sample size, method of confinement, and the difference in loading

rate. The etfects of submiltLisecond rise times on the stress-strain response

will he subsequently discussed.

The increase in strength of soils due to the rapid application of load

Itas been recognized since the 1840s. The eifect of nuclear weapons loading

provided the impetus for many experimental studies during tile early 60s.

Although much of the early data consist of only tile rate eftects on the soil

strength and initial modulus, this provides an understanding of the general

behavior ot soils under impact loads. Of additional interest is the apparatus

used to apply the impulsive load to the specimen, since the form of the

applied stress pulse is a function of tile loading apparatus. Stress histories

with a short rise time and duration typical of conventional weapons may be

ditticult to obtain with some test devices, but the stress strain response

mni;L he mtastired over the range of anticipated loading rates.

-7 8
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)alllpLe geolet.ry is a1 Limportant. consideration when deteurmin ing

coist Ltut ive parameters since the knowledge of the complete state of stress is

required it tiw results are to be properly incorporated into a general model.

The propagation and retlection of stress waves in the sample also depend on

the geometry.

The importance of sample configuration, specifically, lateral constraint,

hlas been discussed by Wilson and Sibley (Reterence 4). It was suggested that

the value of tile constrained modulus Me, is bounded below by triaxial

compression tests due to sampling disturbauce and the lack of Lateral

costraint. T'le value of Mc is bounded above by the modulus calculated from

the seismic velocity. This value is high due to the effects of

preconsolidat ion and tile low applied stress levels. The actual value of M c

sliouLi be between the value computed by a hydrostatic test and a uniaxial

straLn test. A series of uniaxial strain, hydrostatic compression, and

triaxial shear tests on samples of tuft were reported by 6hrogott (Reference

15). ihe relationship between dynamic and static strength was round to depend

ol the state ot stress in the sample, although it was not clear what these

eflects are. It is clear that Loading rate effects, as well as general

stress-strain bethavior, depend on stress path. A review of impact tests under

various stress paths forLows.

'Iriaxial tests on dry and undrained saturated sands were conducted by

Whitmflan and Healy (Reference It) with time to failure ranging from 5 msec to 5

minutes and the results indicated little tncrease in strength for dry aud

dense saturated sands. Loose saturated sands tend to develop Lower values of

excess pore pressure when loaded rapidly, resulting in a strength increase of

about 4u percent for a decrease in failure time trom 5 seconds to 0.025

Sec oiid s.

A similar study on the rate effects on a saturated remolded clay was

reported by Richardson and Whitman, (Reference 17) and it was suggested that

tile rate effects are due to the internal migration of pore water causing

larger excess pore pressures at low rates.

K ;,• .- . . . . +. ." .;, . . -. ... ., .. ,.- *.. .. . , ... .. ,.'.. . ,. ,•• , ,



Aj t~xasivcS Le oi teSts Oil l;ooSL' Lake clay (Reft.rnce 18) at variuus

water contents was conducted with a pneumatic device producing failure times

ranging trom 2 msec to I hour. An increase in dynamic strength was observed

tor all water contents, but a smaller strength increase was found for samples

witli low water contents. The increase in secant modulus at 1 percent strain

was found to he more dependent on strain rate and water content than was the

stregth. Increases in dynamic strength and modulus have also been reported

by other researchers (Reference 19-21).

Dynamic direct shear tests (Reference 22 and 23) using compressed air to

create loading rise times ranging from I to 5 msec have been conducted on

specimens of sand, clay, and sand-clay mixtures. The dynamic impact strength

envelopes were compared with those of "rapid static" tests with time to

tailure of 30 to 50 seconds. The results indicate little increase in strength

for tLie sand samples in both dry and saturated conditions, while the clay and

clay-sand mixtures exhibit an increase in apparent cohesion. The increase in

cohesion appears to be independent of the moisture content and grain size for

specimens with a degree of saturation, S, greater than 85 percent.

The split Hopkinson pressure bar (Reference 24) or Kolsky (Reference 25)

apparatus was developed for the testing of metals and has been used to

investigate the loading rate effects on the behavior of geologic materials

(Reference 2b-29). Although the Hopkinson bar is convenient for dynamic

testing and the impact velocities can be accurately controlled, the rate of

strai is not constant and cannot he determined directly. This apparatus and

the analysis of the test data have been well documented (Reference 30-33) and

will not be discussed further.

Perhaps the best data on loading rate effects have been obtained from

tevsts conducted on thin specimens in uniaxial strain devices (Reference

5,14,34,35). Since the sample Length is small, the stress wave may propagate

across the sample and be reflected from the ends many times during the duration

of the load. Thus, a relatively uniform stress distribution throughout the

sample can be assumed. This assumption, known as the "multiple-reflection

theory," is probably appropriate, provided the rise time is greater than 0.1

msec for sand and 1.0 msec for clay, (Reference 36) but reflections and

rarefacrions may affect the actual state of stress in the sample (Reference

31). In addition, the complete state of stress is unknown due to the inability

to measure the radial stresses.

10
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Schindler (Reference 14) describes the development of a uniaxial device

by WES in which a cold-gas expansion is used to apply the impact loading.

This device was moditled by Jackson et al. (Reference 35) to duplicate the

effects of a conventional weapon by using a loading initiated by a hot gas

expansion (explosion) resulting in rise times less than I msec. The

stress-strain responses of three sands have been measured with this device

under transient pressures ranging from 10 mPa to 80 mPa. It is reported that

the response changes from "stittening" behavior to "softening" behavior when

the rise time is less than 1 msec. A numerical analysis was performed to show

that these eftects were due to rate eftects rather than a change in the state

of stress due to reflections. This distinct change in behavior with

submillisecond rise times is similar to that reported by Hampton (Reference

13). it has been suggested (Reference 38) that this softening is due to a

decrease in strain rate after the initial rapid loading. This change in

behavior is significant and should be investigated more closely under

ditrerent states of stress. Further testing with rise times less than I msec

should be conducted to assure that this measured response is, in fact,

representative of the material and not a function of the testing device.

Table I summarizes the rate effects on strength and initial modulus.

Although a complete description of the stress-strain response is needed for a

wave-propagation analysis, the general trends are informative. The

stress-strain behavior of the soil is highly dependent on the type of soil,

lateral confinement, state of stress or stress path, stress level, and the

rate at which the load is applied. Laboratory tests should be conducted under

conditions approximating those in situ. Some existing mathematical models that

represent the constitutive response of geologic materials will now be

discussed. Of particular interest are models which incorporate the effects of

rate of loading.

,.J



'ABLi. I. SUMPLARY OF LtFFECI'S ON STKENG'Ni ANU INITIAL MODULUS UUE To
INCREASE IN LOADING RATE*

SUIL TYPE STAT E STRENGTIH INITIAL MODULUS COMMENTS

INCKRASt, INCR.ASE

less than lower excess
All S increase in great pore pressures

mod ulus
function of OCR

CLAY Low S moderate function of

moisture content

S 857. great independent of

moisture content
and grain size

loose
Dry slight slight dependent on

de nse density
SaN_

loose great lower excess

pore pressures
G VEL Sa tu ra ted

dense slight slight

,NO t: General treiids are indicated only. The effect of loading rate is a

function of many variables, such as ttie applied stress level, the stress

sLate, the loading history, the grain size distribution, density, water

content, porosity, and overconsolidation ratio, amoung others. The properties

ot a given soil sliould be determined in tiie field or laboratory under in

condicions, and should be determined under various states of stress and over

tile range of expected loading rates.

12
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StCCLON III

CONSlI.FUTIVK KELATLONS

Numerical wave propagation (Retereace 39-41) and soil-structure

interaction i.iodelLtng tor blast loadings (Reference 42-43) have been conducted

witil elastic material represciltALions in which the stress is related directly

to Lim strain. Due to tlie inelastic response and the stress-path dependence of

most soils, an incremental plasticity formulation such as that conducted by

Goudreau et aL. (Reference 44) tor a combined air blast and ground shock

loading is preferred.

incremental plasticity type models, in terms of stress invariants, can

represent material behavior over multiple-stress paths and will assure

unioieness of tfie stress-strain relation. Space does not permit a complete

discussion of plasticity, but, in most formulations used to represent geologic

materials, the strain is assumed to consist of an elastic part, ee, and a

plastic part, eP, as sliown in Figure 2. To include the frictional response

commoji to most geologic media, a tailure envelope such as that shown in Figure

3 is used. When the stress state (plotted in an invariant space as shown in

Figure 3) is below the envelope, only elastic strains can occur. Since most

geologic materials experience plastic strains at stresses below the linear

envelope, or due to stress patlis, as shown in Figure 3, an additional yield

criterion or cap, is defined. As toe stress state moves from Point 1 to Point

2 the cap also moves as a result of strain hardening. This results in the

change in tie elastic limit of tike material response. While many plasticity

tormutatiois exist, (Reference 4i and 46) formulations that can represent the

load in rate ettects are of laterest in blast loadings. A trade-off must

often be made between sophistication of the model and the ability to determine

tte material parameters trom laboratory or field tests.

Altiough many of tLhe elasto-viscoplas tic models are formulated to model

creep beliavior, time tormulation should be general enough to include the change

iii behavior due to rapidly applied loadings. Variations of tiie Sandier Cap

mode[ (Reterence 4o) have been proposed (Reference 3h,49,5U) in which the flow

13
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rule is written in terms of a viscous parameter. Under slow rates of loading,

the cap moves with tie stress state as in a conventional plasticity model, and

the hardening or stit tening behavior expected for a uniaxial stress state may

. occur. Under rapid rates of loading, the cap lags the stress state indicated

by Point 3 producing the "apparent softening" (Reference 49) behavior measured

by Jackson (Reference 35). Additional strains accumulate in the visco-plastic

domain until tie cap "catches up" to the stress state. A model of this type

*.. has been tormulated by Rubin and Sandier (Reterence 49) for high-pressure and

high-temperature equations of state, and modular subroutines are provided for

use in explicit integration codes. A model formulated in terms of the third

stress invariant has been used by Schreyer (Reference 51). Other models

(Reference 38, 49-51) have all been used to predict the laboratory tests of

Jackson (Reference 35) and appear to represent the rate effects adequately. It

should be kept in mind that due to the lack of experimental data, only the

behavior under the uniaxial state of stress has been predicted for rise times

less than I msec. A true test of these models awaits laboratory data under

ditterent stress paths.

14



SECTLON IV

R ECOMMtEN DAT IONS

Existing numerical techniques are available to perform dynamic

soil-structure interaction analyses for weapons effects on buried structures.

For many soil conditions such as clays and partially saturated sands, a

rate-dependent constitutive model may be required. Since an explicit time

integration scheme is usually recommended for blast loadings, (Reference

33,52) a large deformation code such as DYNA3D (Reference 53) may yield good

restults.

To indicate how such a code may be used, the full-scale buried HYPAR

structure tests to be conducted at Tyndall AFB should be analyzed. Soil

samples trom the test site should be tested under quasi-static loading

conditions and the analysis performed with constitutive models currently

implemented in DYNA3D. The ground motions and interface pressures will be

compared with those measured in the field tests to illustrate the importance

of the soil model. While a better solution is likely to be obtained if a

rate-dependent model is used, the analysis will demonstrate the laboratory

determination of the rate independent constitutive parameters and the analysis

with soil-structure interaction effects. With rate-dependent properties from

tuture tests at high loading rates, a better solution may be obtained.

Future Air Force research should be directed towards development and

implementation of rate-dependent constitutive models. The severe shortage of

quality laboratory test data under high loading rates hinders this1

development, therefore both tasks should be considered concurrently. Stress

states other than uniaxial strain are important for the localized stress

conditions existing near conventional weapons. Data on soils tor which

full-scale structural tests have been conducted or are planned should be

considered to verity the models. Numerical analyses of field test structures

prior to testing can permit parametric studies of test variables such as

weapon location and orientation, as well as assist in the determination of

rinstrumentation location. A rational approach to the design of field tests

will permit more eftective use of test structures and weapons to maximize the
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d~at outdLIlld. L'esL Ing CdlI thell to l ow to determine it tie structure behaves

a.-, predicted. Numericat analyses can also be useful in isolating the eftects

of sLress wave rtt lections in laboratory and centrituge tests at high loading

ra tes.

Ad iL t tonal areas ot research in soil structure interaction research include

te development of appropriate intertace models to permit relative motions

between the soil aid structure. These relative motions may be particularly

. ilmportait tor surface and partially buried structures. Although intertace

modeIs exist, tlese models cannot include the ettects of soil arching. Soil

arciing is tile tendency tor the soil to transfer stress from the more tlexible

portions of tLe structure to the portions of greater stitfness. Tests

simulating niucLear weapons have shown that current analysis methods

underpcedict the strength of the structure due to these effects (Reference 3).

Arching ettects may be enhanced witn the rapid application of load associated

witn conventional weapons. special interface elements can be developed to

incLude these ettects, witi the constitutive parameters determined from field

or Laboratory tests.

The analysis of buried structures subjected to conventional weapon loadings

is complex, but existing methods are available to obtain reasonable solutions.

WLtL thie implementation of rate-dependent material models, the quality of the

Sotutions shoul improve. oumericaL solution procedures interpreted in

conJUC'ttOl with tie results ot centrituge and field tests will result in an

improved understanding of the soil structure interaction and wave propagation

etinects in these problems.

0
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